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We report a new setup for the measurement of photoconductivity that is based on discrete
quasimonochromatic light-emitting diodes. This setup allows new possibilities combining
preexposure and measurement at different wavelengths as well as the possibility of rapidly
switching from one wavelength to any other at will and also varying the irradiance over a
comparatively wide range. It is also easy to use an equalized photonic flux over the entire operating
wavelength range. We show the interest of using a normalized photoconductivity coefficient that
takes into account the distribution of light in the sample’s volume and characterizes the specific
properties of the material. We report typical results obtained in different conditions for the same
undoped Bi12TiO20 photorefractive crystal. © 2006 American Institute of Physics.
DOI: 10.1063/1.2194088I. INTRODUCTION
The photoconductivity is a relevant property of some
photosensitive materials.1 It is of highest importance among
photorefractives because charge carriers excitation from lo-
calized states in the band gap, diffusion and drift in the ex-
tended states conduction band or valence band and retrap-
ping of these carriers are part of the charge transfer process
which is essential for the optical recording in these
materials.2 Because of the fact that charge carriers are ex-
cited from localized states, the knowledge of the position of
these states photoactive centers in the band gap is a very
important information in order to enable the adequate utili-
zation of these materials.
Among other techniques, wavelength-resolved photo-
conductivity WRP is an important tool for the research on
photoactive centers in the band gap and has been extensively
applied to photorefractives,3–6 among other materials. The
classical experimental setup includes a rather “white” spec-
trum lamp followed by a monochromator that selects the
wavelength of the light shining the sample under analysis.
An electric voltage is applied and the electric current associ-
ated to each wavelength is measured. The measurement can
be carried out in dc7 or ac8 modes. In the latter case a phase-
selective frequency-tunable lock-in amplifier can be used
thus considerably improving signal detection. There is a
tradeoff between the intensity and the monochromaticity of
the illuminating source so that the irradiance of the
monochromator-selected light is usually very weak unless a
rather poor monochromaticity is tolerated. On the other hand
the monchromator enables a continuous sweeping in the
wavelength domain.
In this article we propose a new device for the measure-
ment of WRP that is based on the use of discrete short-
bandwidth light-emitting diodes LEDs instead of the white
lamp-monochromator unit. A typical spectrum of such a LED
is shown in Fig. 1. These LEDs are now available in the
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length peaks separated 10–30 nm from each other. The main
handicap of these LEDs compared to the classic illumination
is the obvious limitation in wavelength resolution. This is,
however, not a very important limitation for the case of pho-
toconductivity because the latter is not a resonance phenom-
enon but is rather a cumulative effect so that the position of
the localized states in the band gap can be actually detected
within the uncertainty derived from the wavelength separa-
tion between successive LEDs only. On the other hand, many
other advantages will be obtained by the use of quasimono-
chromatic LEDs as described below.
II. EXPERIMENTAL SETUP
The setup is schematically illustrated in Fig. 2 and con-
sists of a number of LEDs distributed along the perimeter of
a disk supporting an isolated printed circuit board with cop-
per connections already printed on it. The disk is rotated
using a stepping motor and the electric contact is made with
graphite rod electrods sliding on adequately printed copper
lanes on the board. The LEDs are lighted as they stay at the
adequate position determined by two graphite contacts. The
disk is easily rotated and in this way one can rapidly switch
at will from one LED to any other one in the disk. The light
is collected by a simple set of lenses through a diffusing
transparent plate in order to improve the spatial uniformity of
the output beam shining the sample. The LEDs are electri-
cally chopped at a fixed 200 Hz in our experiments ad-
equately selected frequency. The input and output irradiances
on the sample are measured with adequately placed photode-
tectors DR and DT, respectively in order to be able to mea-
sure the light irradiance onto the sample as well as the effec-
tive absorption coefficient of the sample for the different
wavelengths. The DR photodetector is sampling the incident
light by means of a simple transparent glassplate whereas the
DT photodetector is placed close about 15 mm behind the
© 2006 American Institute of Physics5-1
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effects produced by the crystal. Such effects could sensibly
affect the measurement of the absorption coefficient. Electri-
cally shielded wires connected to laterally placed electrodes
transverse configuration provide the sample’s connection to
a high voltage source and to the lock-in amplifier tuned to
the LEDs modulation frequency in order to measure the fre-
quency modulated photocurrent. The same amplifier is used
to measure the frequency modulated signals from DR and
DT photodetectors as well. The LEDs, high voltage source,
photodetectors, and lock-in amplifier are controlled by a per-
sonal computer. The sample under analysis in our experiment
is an undoped photorefractive Bi12TiO20 BTO crystal, pro-
duced in Brazil, with the dimensions: height h=6 mm, inter-
electrodes distance =3.95 mm, and thickness d=3.45 mm.
III. PHOTOCONDUCTIVITY
The irradiance onto the sample is described by
Iz = I0e−z, 1
where I0 is its value at the input plane inside the sample, z
is the coordinate along the sample’s thickness with total di-
mension d. The absorption coefficient  is assumed to be
constant throughout the crystal thickness which is not always
strictly true mainly for materials such as BTO which exhibit
FIG. 1. Typical radiation from a LED showing its characteristic short band-
width that is here of approximately FWHM=0.5 eV.
FIG. 2. Experimental setup: LED quasimonochromatic light emitting di-
odes, RW rotating wheel, L1 and L2 focusing lenses, DT and DR photode-
tectors, BS beamsplitter, CRY photoconductive crystal, D diffusor, STM
stepping motor, and MTR lock-in amplifier.
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where V is the applied voltage,  the interelectrode distance,
and h the height of the sample with the electrode area being
dh. The photoconductivity14 is
ph  qNph, 3
where Nph is the free photoexcited electron density in the
conduction band CB with  and q being their mobility and
value of electric charge, respectively. From the rate equation2
Nphz
z
= Iz − Nph/ 4






where  is the quantum efficiency for photoelectron genera-
tion and  the photoelectron lifetime in the CB. From Eqs.





A normalized photoconductivity coefficient can be defined




= q , 7
that represents the specific photoconductivity properties of
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The d term above is computed from the experimentally





where VDT /VDR and VDT /VDRs are the values without and
with sample, respectively, R is the crystal’s surface reflec-
tance coefficient in air R= n−12 / n+12 and n is the sam-
ple’s refractive index. An average photoconductive coeffi-
5cient can be also defined
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which does not involve the simultaneous measurement of
absorption. For d	1 it is 	 but as d increases 
becomes progressively more dependent on the crystal’s
thickness d and progressively different from  . For the limit
condition ed
1 it is 1/d. It is therefore evident that 
is a better parameter for characterizing specific material
properties.
IV. OPERATING MODES
In spite of the lack of wavelength resolution of the
LEDs-based device it has many advantages, compared to the
classical white lamp-monochromator setup, from the point of
view of its cost, simplicity, size, easy, and fast switching
from one wavelength to any other one and therefore new
operating possibilities arising from the peculiar features of
these new quasimonochromatic light sources:
• No need of mechanical choppers: because of their rapid
response time a few nanoseconds the LEDs can be
electronically chopped.
• Their power can be controlled by their input current
without sensibly affecting their radiation spectrum. Pos-
sibility of equalized LEDs flux throughout the entire
operating wavelength range or programmable flux for
specific purposes.
• They are able to produce tens of milliwatt light within a
cone of 10°–30° only, thus producing much higher
some mW/cm2 quasimonochromatic light irradiance
than is possible with most of the classical lamp-
monochromator systems. Better signal-to-noise ratios
are therefore expected.
• Because of their comparatively large irradiance they are
able to produce sensible changes on the materials under
analysis although the irradiance can be reduced in order
to minimize these changes as well.
Accordingly, the LEDs-based setup is obviously more
convenient than the classical setup in order to carry out com-
plex experiments involving preexposure and measurement
sequences as detailed below. Simple WRP, WRP with preex-
posure at fixed wavelength, WRP with equalized flux of pho-
tons, measurement at a fixed wavelength with variable wave-
length preexposure and many other variations are possible.
For any of the operating modes described below, the
photocurrent at different applied voltages is measured in or-
der to verify linearity and compute the slope iph/V for further
processing and compute  from Eq. 9.
Wavelength resolved photocurrent (WRP). This is
similar to the way the photocurrent is measured in the clas-
sical lamp-monochromator setup. The sample is illuminated
sequentially with all LEDs and, unless otherwise stated, al-
ways from the longest to the shortest wavelength. The sig-
nals from the DR and DT photodetectors are first measured
and then the photocurrent is measured for increasingly ap-
plied voltages. Each time the wavelength is changed the
sample can be illuminated with the new wavelength for a
le is copyrighted as indicated in the article. Reuse of AIP content is subjec
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conditions before starting with measurements at this wave-
length. Typical results, for our undoped BTO crystal, show-
ing  as a function of the wavelength or, alternatively, the
photonic energy are indicated in Fig. 3. In this figure we see
the data for the BTO sample having been kept for 2 h in the
dark at 80–90 °C dark relaxed and also for the sample
having been exposed to laboratory room illumination.
Wavelength-resolved photocurrent with preexposure
(WRPpe). In this case we proceed as for WRP but before
each measurement for DT and DR as well as for the photo-
current at each voltage the sample is illuminated preex-
posed with a fixed chosen wavelength light. There is no
preliminary illumination delay at the measurement wave-
length in this case. If the preexposure light is adequately
chosen some localized states in the band gap become at least
partially filled and their associated photoconductivity may
be detected. A typical result for the same undoped BTO is
reported in the same Fig. 3 where the preexposure was car-
ried out for 2 min with =2.32 eV. The  values obtained
from Wavelength-resolved photocurrent with preexposure
WRPpe experiments  are here always larger sometimes
100-fold larger than those obtained from simple WRP ex-
periments, the difference being proportionally larger for
lower  as seen in Fig. 3 mainly if compared to data from
dark-relaxed experiments. Figure 3 also shows that the cor-
responding  measured in WRPpe mode is also larger than
the value measured in plain WRP experiments thus indicat-
ing the presence of light-induced effects.
Wavelength-resolved photocurrent with equalized
LEDS flux: WRPeq. The intensity of the different LEDs in
the setup are usually very different. For the case of materials
such as sillenites, exhibiting long term large light-induced
absorption effects, such big differences between the follow-
FIG. 3. The upper figure reports  measured in WRP mode after 2 h relax-
ation in the dark at 80–90 °C , after being exposed to room illumination
 and preexposed WRPpe mode for 2 min with h=2.32 eV light .
The lower figure shows the corresponding measured effective absorption
coefficients.ing LEDs may jeopardize the corresponding measurements.
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ized LEDs all of them being adjusted to produce roughly the
same flux of photons exhibit a quite different result com-
pared to the nonequilized experiment as shown in Fig. 4. In
fact the equalized curve exhibits a sharp peak at the band gap
energy 3.2 eV that is associated to the sharp decrease in
light penetrating the sample’s volume before and after
3.2 eV. The nonequalized curve instead shows lower values
close to the band gap edge and does not show any peak at
3.2 eV, probably because of the accumulated photochromic
effect from previous very intense LEDs. Unfortunately the
photon flux equalization is limited by the weaker LEDs in
the setup and a number of them should be switched off if a
higher flux level is desired.
Preexposure wavelength-resolved photocurrent at
fixed measurement wavelength (peWRPfw). In this case
the measurement is carried out at a fixed wavelength
880 nm or 1.4 eV, in our case and the preexposure illumi-
nation is varied throughout the available wavelength range.
The objective here is to detect the photonic energy that is
able to produce a large increase in the electronic population
of localized states that are poorly or no populated at all in
equilibrium conditions. In the case reported in Fig. 5 the
photocurrent measured at 880 nm 1.4 eV is very small un-
til a preexposure =2.2–2.3 eV where a sharp increase in
the photoconductivity at 1.4 eV is detected. For more ener-
getic preexposure light the photocurrent at 1.4 eV decreases
FIG. 4.  measured for an undoped BTO sample with LEDs of variable
irradiance  and with equalized 	1.51015 photons/ cm2 s LEDs
.
FIG. 5. iph/V in arbitrary units measured at a fixed wavelength peWRPfw
mode of =880 nm or 1.4 eV as a function of 5 min preexposure wave-
length from 945 to 405 nm.
le is copyrighted as indicated in the article. Reuse of AIP content is subjec
143.106.1.143 On: Tue, 1monotonically probably because the radiation is progressibly
less able to penetrate into the sample’s thickness and there-
fore is less efficient for electron pumping in the sample’s
volume. This experiment indicates the position of the Fermi
level in the band gap and is usually easier to carry out than
the classical Arrhenius dark conductivity experiment15,16 that
requires the measurement of very low current at least for the
case of sillenites and other highly resistive materials at dif-
ferent temperatures. In the present example the Fermi level is
found at 2.2–2.3 eV probably below the CB that is at
1–0.9 eV above the valence band VB which is in agree-
ment with data already published for this material.4,16,17 Al-
though this experiment was not carried out with equalized
preexposure LEDs flux, it is obviously recommended to do
so.
V. DISCUSSION
Most data on photoconductivity are based on the so-
called coplanar configuration where a pair of electrodes are
laid on the input crystal surface and separated a few milime-
ters away from each other. Such a configuration gives useful
information for slightly absorbing or for intrinsic band-to-
band excitation but is not interesting for intermediate con-
ditions as is the case for the research of photoactive centers
in the band gap. The transverse electrodes configuration in
the present article instead does allow to compute the absolute
value for a normalized photoconductivity coefficient which
takes into account the distribution of light in the sample’s
volume and is therefore appropriate for characterizing pho-
toactive centers in the band gap. For this doing it is therefore
necessary to measure the absorption coefficient simulta-
neously with the photocurrent. Not taking the absorption into
account as for the case of computing  instead of   leads
to erroneous considerably even ten-fold lower photocon-
ductivity values as illustrated in Fig. 6.
The effective absorption coefficient measured in this ex-
periment is not exactly the same one should measure in an
usual spectrophotometer. In the present experiment the pho-
todetector DT is placed very close behind the sample and is
therefore able to detect luminescence radiation. In fact, for
the incident light with photonic energy close to the band
edge, most of the light is completely absorbed along a
FIG. 6. Experimental curves reporting  ,  , and the effective
absorption coefficient  in m−1 , all computed after the sample being
exposed at room illumination.wavelength-range distance away from the input surface.
t to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
2 Aug 2014 17:00:40
043905-5 New measurement of photoconductivity Rev. Sci. Instrum. 77, 043905 2006
 This articHowever, larger wavelength radiation produced by photolu-
minescence is able to get much deeper inside the sample and
be detected at the output detector DT. That is why the effec-
tive absorption curve in Fig. 6 shows an abnormal decrease
in the slope as we approach the band edge. The effect of
luminescence on photocurrent measurement is difficult to be
taken into account because we are in the presence of a rather
wide spectrum of light. That is why the analysis of the data
near the band edge is not much reliable but it seems never-
theless more realistic to operate with the effective absorption
rather than with the standard absorption because the former
is somewhat related to the actual presence of additional
luminescence-arising light.
It is interesting to find out the influence of the last term
d / 1−e−d in Eq. 9, that represents the correction due to
the exponential distribution of light inside the sample, on the
accuracy of  . The relative error of the latter, arising from
the correction term only, is plotted in Fig. 7 as a function of
d for a constant 10% error in the experimental parameter
VDT /VDR / VDT /VDRs in Eq. 10. This plot shows that the
error is larger with a limit value of 5% for low d and
strongly decreases for larger d.
Although the main objective of this article is to show the
interest and possibilities of this new setup for photoconduc-
tivity measurement, it is nevertheless important to draw
some preliminarly conclusions from the actual experimental
data. The analysis of data in Figs. 3–5 allows one to identify
the position of localized states in the band gap. Electrons can
be excited from the VB into acceptor localized states in the
band gap, leaving free holes in the VB, or from donor local-
ized states into the CB where electrons are free to move.
Each time the photonic energy is able to produce such an
excitation, an increase in photoconductivity is detected be-
cause of the increase of charge carriers in the extended
states. Of course that only at least partially empty acceptors
or populated donors can be detected but the preexposure
pumping from deeper populated states and from extended
states can put also into evidence some shallower states that
would not be detected in thermal equilibrium. That is why
the photoconductivity in the 1.3–2.0 eV range did signifi-
cantly increase when preexposing with 2.32 eV as shown in
Fig. 3. In the absence of populated states the photocurrent
FIG. 7. Relative error  / in percent as a function of d for a 10% error
in VDT/VDR / VDT/VDRs computed from Eqs. 9 and 10 assuming 1
−R2	0.6.should be approximately constant as is the case in the
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the absorption of the light is very large, photoluminescence
and photochromic for the particular case of silllenites and
some other materials effects may jeopardize the measure-
ment as is probably the case for 2.8 eV. It is known
that sillenites exhibit a rather large number of localized states
in the band gap18 and it is therefore not suprising to observe
an almost continuous change in slope of the normalized pho-
toconductivity parameter in the entire explored wavelength
range in these experiments. Accordingly, data in Fig. 3 show
localized states at least at 1.5, 1.9–2.1, and 2.2–2.3 eV. Pho-
toconductivity is associated with photonic excitation of
charge carriers from localized or extended CB or VB states
to extended CB or VB or localized states and also with
band-to-band excitation. It is therefore not a resonant phe-
nomenon so that we should not expect peaks in the experi-
mental data. Monotonically increasing values with some
steps as a function of photonic energy should be expected
instead as shown in our Figs. 3 and 4.
The present setup produces a larger signal-to-noise ratio
SNR than could be obtained using the classical lamp-
monochromator setup because of the much larger irradiance
from the LEDs. It is also easy to find out whether it is pos-
sible or not to pump electrons or holes from a deeper level
to shallower ones and, by this mean, better characterize these
shallower levels as is the case shown in Fig. 3 when com-
paring the results with and without preexposure.
The finite width of the roughly Gaussian-shaped LEDs
spectrum was not taken into acount in this paper but could be
considered if larger bandwith LEDs were used or much ac-
curate data were required. In order to check our present re-
sults we should compute the diffusion length2
LD









where D is the diffusion coefficient kB is the Boltzmann con-
stant. Using our values  	2.510−29 and 	610 m−1 for
=2.41 corresponding to =514.5 nm in Fig. 3 for the
preexposed sample and using the value 	0.41 already
reported19 for similar samples at this wavelength we get LD
	0.13 m in very good agreement with already
published19–21 values for other similar BTO samples pro-
duced by the same laboratory in Brazil.
VI. SUMMARY
We are proposing a new experimental setup for the mea-
surement of photoconductivity. We are also proposing to
compute a normalized photoconductivity parameter mea-
sured in a transverse configuration that leads to a better char-
acterization of intrinsic properties of materials. We have
shown that this setup offers new possibilities that take advan-
tage from the particular features of LEDs and allows differ-
ent preexposure and measurement combination at different
wavelengths. We successfully apply this technique for an un-
doped BTO crystal.
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